Residues from the processing of cassava roots (Manihot esculenta Crantz), or cassava peels, are evaluated as chemically modified adsorbents with H 2 O 2 , H 2 SO 4 , and NaOH, in the removal of metal ions Cd(II), Pb(II), and Cr(III) from contaminated water. Modified adsorbents were chemically characterized for their chemical composition and pH PZC (point of zero charge), while adsorption tests determined the best conditions of pH, adsorbent mass, and contact time between adsorbent and adsorbate in the process of removal of the metal ions. Isotherms obtained from the preliminary results were linearized by Langmuir's and Freudlich's models. The thermodynamic parameters, such as Δ , Δ , and Δ , were also evaluated. The modifying solutions proposed were effective in the modification of adsorbents and resulted in high capacity sorption materials. Equilibrium time between adsorbent and adsorbate for the solutions contaminated with metals is about 40 minutes. The Langmuir model adjusted to most results, indicating monolayers adsorption of Cd(II), Pb(II), and Cr(III). The values obtained for Langmuir show a higher adsorption capacity caused by chemical modifications, with values such as 19.54 mg Cd(II) per g of M. NaOH, 42.46 mg of Pb(II) per g of M. NaOH, and 43.97 mg of Cr(III) per g of M H 2 O 2 . Results showed that modified cassava peels are excellent adsorbent, renewable, high availability, and low-cost materials and a feasible alternative in the removal of metals in industries.
Introduction
Since agroindustries produce several basic products, they have transformed themselves into a symbol of developed societies [1] . However, their various segments are responsible not only for the production of various products but also for several solid wastes. The cassava industry is no exception. Solid wastes are generated in the processing of cassava roots, most of which go to the manufacture of animal feed and biofertilizers. Cassava peel makes up approximately 3 to 5% of the total mass of roots and about 1 million tons of cassava peels is annually produced in Brazil and 11 million tons worldwide [2] . Since cassava is a crop planted worldwide, with great production and an enormous increasing potential, it is estimated that the above rates will grow considerably in the future.
Another issue also refers to industrial and agricultural activities which cause, directly or indirectly, the contamination of the environment by heavy metals, with great concern and attention for environmental researchers and agencies involved in the control of water pollution [3] , especially when the bioaccumulation of metals in aquatic fauna and flora affects human populations and causes irreversible physiological effects with metabolic dysfunctions.
Several techniques reduce contamination but all present disadvantages, especially high installation costs and maintenance. Among the conventional methods, the following are the most employed: chemical precipitation, oxidation or 2 Journal of Chemistry reduction, filtration, coagulation, electrochemical treatment, membrane separation processes, and solid phase extraction. Some methods are restricted for technical or economic infeasibility, especially when metals are dissolved in large volumes of water at relatively low concentrations [4] .
The adsorption process is an alternative to remove polluting waters. In fact, the technology is being used extensively for the removal of organic pollutants from aqueous solutions. Although activated carbon is one of the most widely used adsorbents, its high cost is a great disadvantage [5] since its production involves physical and chemical activation, as well as high temperature and pressure under controlled conditions [6] .
Thus, the use of activated carbon on a large scale, for instance, in the decontamination of large volumes of contaminated water or industrial effluents [7] , may not be feasible.
Another research comprises the use of milled vegetable biomass to remove metal ions and pesticides. Some advantages in using plant biomass for wastewater treatment include operational easiness, low-cost processing, reasonable adsorption capacity, selective removal of metal ions, facility of disposal of materials, and easy regeneration [8] . Nevertheless, biomass has not always a very high adsorption capacity [7] , which is one of the main restrictions for its use in water remediation. However, some bibliographies already report the use of simple chemical modifications and lowcost biosorbents to increase the adsorptive capacity without increasing the cost of final product [9, 10] and, thereby, its widespread use may not be impeded.
Consequently, vegetable biomass is chemically treated with chemical reagents in low-cost solutions such as acids or bases, causing an increase in the pollutant-removing capacity [11, 12] .
Several studies report that chemical modifications used as biosorbents may introduce functional groups within the structure of the adsorbents or increase their porosity, with an increase in their adsorption capacity [10, 13] .
Current research evaluates the efficiency of chemically modified cassava peels as adsorbent materials for the removal of toxic metal ions Cd(II), Pb(II), and Cr(III) from water.
Material and Methods

Obtaining Raw Material and Preparation of Modified
Adsorbents. Cassava peels were obtained directly from a cassava processing agroindustry in Toledo, PR, Brazil. They were dried at 60 ∘ C for 48 h, crushed, and sieved (material retained between 14 and 65 mesh) to standardize particle size. Chemical modifications were made to the raw material (cassava peels) such as surface contact area, porosity, number of adsorption sites, and the energy sorption sites, to increase the adsorption of the metals.
Three chemical modifications were evaluated with different chemical reagents by washing with 0.1 mol L −1 solutions of H 2 O 2 (Vetec P.A. 36%), H 2 SO 4 (Vetec P.A. 98%), and NaOH (Vetec P.A. 99%) [8, 10, 14] .
Solutions were prepared in 0.1 mol L −1 of H 2 O 2 , H 2 SO 4 , and NaOH, to which 70 mL of solution was added in 125 mL Erlenmeyer flasks containing 7.0 g of material in natura (M. in natura).
The Erlenmeyer flasks were placed in a Dubnoff metabolic incubator, at 60 ∘ C for 6 hours. The modified adsorbents were subsequently washed with distilled water to remove residual reactants still present in the material.
Three chemical modifications applied to cassava peel were evaluated, totaling 3 new modified adsorbents and an adsorbent in its in natura form, namely, M. in natura, M. 
Characterization of Chemically Modified Adsorbents.
The chemical characterization of adsorbents was performed by nitroperchloric digestion of adsorbent materials [15] and concentrations of metals, potassium (K), calcium (Ca), magnesium (Mg), copper (Cu), iron (Fe), manganese (Mn), zinc (Zn), cadmium (Cd), lead (Pb), and chromium (Cr) were determined by flame atomic absorption spectrometry (FAAS) [16] , GBC 932 AA (Victoria, Australia) with deuterium lamp for background correction.
The adsorbent's point of zero charge (pH PZC ) or rather the pH at the surface of the adsorbent charges equal to zero was also determined [17] .
Preliminary Studies Involving pH of the Medium and
Mass of Adsorbent. A multivariable study was conducted to evaluate the effect of modified adsorbent mass and pH of mono-elementary solutions of Cd(II), Pb(II), and Cr(III). In fact, a univariate test of mass and pH would not be able to determine the possible interactions between the parameters mentioned above. Consequently, the compound center rotational design (CCRD) was employed to determine the influence of each variable and the possible interaction between them, generating an empirical and quadratic mathematical model which is valid within the experimentally tested range [18] . Adsorbents' masses were evaluated between 250 and 1250 mg, while pH ranged between 3.00 and 7.00. Table 1 shows CCRD planning matrix, displaying the encoded rates and variables of the adsorbent mass and pH configuration for each mass versus pH tested.
The solutions were placed in 125 mL Erlenmeyer flasks containing the mass of the modified adsorbents (Table 1) and subsequently placed in Dubnoff thermostatic system with constant agitation at 200 rpm for 1.5 h.
After performing the sorption process, the samples were filtered and aliquots were removed to determine the concentrations of metals by FAAS [16] . Adsorbed amount at equilibrium was calculated from rates obtained for the equilibrium concentration:
in which eq is the amount of ions adsorbed per 1 g of adsorbent at equilibrium (mg g −1 ); is the mass of the adsorbent used (g); 0 is the initial concentration of the ion (mg L −1 ); eq is the concentration of ion in solution at equilibrium (mg L −1 ); is the volume of solution used (L). The results of the tests were tabulated and evaluated according to multivariate analysis with Statistica 5.0.
Studies Involving the Adsorption Kinetics.
The adsorption kinetics of metals Cd(II), Pb(II), and Cr(III) by modified adsorbents was evaluated by studies in which the modified biomass was placed in contact with contaminated monoelementary solutions of the evaluated metals.
A constant mass of 200 mg of the modified adsorbents (determined in Section 2.3, Figure 2 ) was placed in 125 mL Erlenmeyer flasks, to which was added 50 mL of the monoelementary solutions at a concentration of 10 mg L −1 , pH 5.0 (determined in Section 2.3, Figure 2) , and temperature at 25 ∘ C. In the above-mentioned physic-chemical conditions, the absorbed amount of metal was assessed by the following contact times between the modified adsorbent and adsorbate: 10, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160, and 180 minutes. Results were evaluated by the mathematical models of linear pseudo-first order, pseudo-second order, and Elovich and intraparticle diffusion.
The linear pseudo-first order equation, Lagergren's model, is based on the solid adsorption capacity of the equation and the concentration of the solution:
in which eq (mg g −1 ) and (mg g −1 ) are the quantity of adsorbate retained per gram of adsorbent at equilibrium at time , respectively; 1 (min −1 ) is the rate constant for pseudo-first order.
The model's occupancy velocity of the active sites is proportional to the number of active sites on the adsorbent material [19] . The applicability of pseudo-first-order model is checked when there is a log graph line ( eq − ) versus [20] .
The kinetic model of pseudo-second order (see (3)) is a chemical process, involving the participation of valence forces or electron exchange between the adsorbent and adsorbate [20] :
in which 2 (g mg −1 min −1 ) is the constant of velocity of pseudo-second order. Unlike the pseudo-first-order model, the model predicts the kinetic behavior over the entire adsorption time range [19] .
Elovich's kinetic model (see (4) ) was first proposed by Roginsky and Zeldovich in 1934 and, according to [21] , it has often been employed to describe the chemisorption of gases in solids:
in which and are constant, wherein represents the initial chemisorption velocity (mg g −1 min −1 ) and indicates the number of suitable sites for the adsorption, which is related to the surface coverage extension and activation energy of chemisorption (g mg −1 ) [22] . The intraparticle diffusion equation (see (5)), derived from Fick's Law, reveals that the distribution of the liquid film surrounding the adsorbent is negligible and the intraparticle diffusion is the only rate that controls the stages of the adsorption process [23] :
in which id is the intraparticle diffusion constant (mg g −1 min −1/2 ) and suggests the thickness of the boundary layer effect (mg g −1 ) [24] .
Studies of Adsorption
Isotherms. Equilibrium studies were developed to assess removal of metals at higher concentrations. Thus, 200 mg of the modified adsorbent masses (determined in Section 2.3, Figure 2 ) was weighed and placed in 125 mL Erlenmeyer flasks; 50 mL of mono-elementary solutions was added with increasing concentrations, at constant conditions, such as pH 5.00 (determined in Section 2.3, Figure 2 ), constant temperature system 25 ∘ C, and contact time between adsorbent adsorbate of 40 min (determined in Section 2.4, Figure 3 ).
The adsorption of metals in the above-mentioned physicochemical conditions was reported at the following pollu- 
in which 0 is the initial concentration of higher value (mg L −1 ); is the Langmuir constant (L mg −1 ). Thus, if the rate of lies between 0 and 1, the adsorption process is favorable.
Freundlich's mathematical model (see (8)) describes a multilayer adsorption with an exponential distribution of active sites and, therefore, an equilibrium on heterogeneous surfaces [8] .
log eq = log + 1 log eq (8) in which represents the adsorption capacity (mg g −1 ); indicates the strength of adsorption, related to the heterogeneity of the adsorbent surface.
Effect of Temperature on the Adsorption Process.
The effect of temperature on the metal sorption process by modified adsorbents was also studied by determining some of the thermodynamic parameters. A constant 200 mg mass of modified adsorbents was weighed in 125 mL Erlenmeyer flasks and 50 mL of mono-elementary solutions was added at a concentration of 50 mg L −1 , at pH 5.00 and contact time between adsorbent and adsorbate at 40 min.
In the above-mentioned experimental conditions, the system temperature was evaluated at 15, 25, 35, 45, and 55 ∘ C. Results were evaluated by linear models to determine the thermodynamic parameters: Δ , Δ , and Δ .
The variation of enthalpy (Δ ) indicates that the adsorption process is endothermic or exothermic and variation of entropy (Δ ) is connected to the system after the order of the adsorption process [27] . These parameters may be calculated according to (9) [28, 29] . Consider
in which is the division between the amount adsorbed per unit of adsorbent ( eq ) and concentration in equilibrium ( eq ); is the universal gas constant (8.314 J mol
; is the temperature in the experiment (Kelvin). Δ and Δ rates were obtained from the graph of ln versus 1/ .
Acid Elution for Adsorbents
Reuse. The adsorbent masses from the isotherm study (Section 2.5) were recovered and deposited in Erlenmeyer flasks with 50 mL of HCl 0.1 mol L −1
at 200 rpm and 25 ∘ C, in order to determine the possibility of reuse of those modified adsorbents. The Erlenmeyer flasks were stirred for 1.5 h in acid solution, the solution was filtered, and the remaining desorbed concentration of the metal was calculated.
Results
Characterization of Chemically Modified
Adsorbents. Further, pH corresponding to the point of zero charge (pH PZC ) of the adsorbents M. in natura, M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH was determined, as illustrated in Figure 1 .
According to Figure 1 , the zero charge point for the adsorbents 6.02 M. in natura, 3.98 M. H 2 O 2 , and 2.05 M. H 2 SO 4 7.07 for M. NaOH may be observed.
The composition of the adsorbents studied by nitroperchloric digestion [15] and the metals by FAAS were determined [16] , as Table 2 shows.
According to Table 2 , the chemical modifications on the adsorbent (modifications with acid, base, and peroxide) were sufficient to cause changes in the chemical composition of the adsorbent, showing its effectiveness as a modifier solution.
As shown in Table 2 , the concentration of K, Ca, Mg, Cu, Zn, and Pb in the composition of the modified adsorbents was effectively reduced and demonstrated that the modifying solutions (H 2 O 2 , H 2 SO 4 , and NaOH) were extracting solutions, predigesting the biomass, and extracting certain chemical elements of its structure.
It is also notable that the modifier solution H 2 SO 4 , a strong acid recognized as a potent dehydrator, resulted in a higher extraction of metallic elements from cassava peels; this is noted because lower concentrations of the elements K, Ca, Mg, Cu, Zn, Fe, and Pb were found in its composition.
Preliminary Studies Involving pH of the Medium and Mass of Adsorbent.
Results obtained at the proposed levels are provided (Table 3) for the compound center rotational design (CCRD) for the variables: mass of adsorbent versus pH of the solution versus quantity adsorbed at equilibrium.
Results shown in Table 3 were subjected to analysis of variance (ANOVA) and are presented in Table 4 . There were significant differences ( = 1%) for all parameters evaluated with regard to the adsorbents in natura M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH in the removal of Cd(II), Pb(II), and Cr(III) from contaminated solutions. Table 4 reveals a significant difference of 1% in all adsorbents studied for the source of mass variation, both as a linear and as a quadratic model. These results showed that the adsorbents M. in natura, M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH depended closely on the amount of available adsorbent, but not on the pH, at least in this experiment, at the studied range. This result is excellent, because the modified adsorbents studied in this research may be used in a wide pH range, still maintaining high efficiency removal of these metals. Figure 2 illustrates the response surfaces for the adsorption of Cd(II), Pb(II), and Cr(III) by adsorbents M. in natura, M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH.
As may be seen in Figure 2 and Table 4 , within the experimental conditions of this study, the pH ranges did not influence the adsorption of Cd(II), Pb(II), or Cr(III). However, higher adsorption rates of the metals Cd(II), Pb(II), and Cr(III), measured by the adsorbed amount ( eq or ads ), occurred closer to the adsorbent mass 200 mg.
The number of active sites available depends on the amount of the adsorbent; then studies to verify the ideal mass adsorption are fundamental, because according to Rubio et al. [30] in certain cases there may be a decrease of the amount adsorbed due to formation of agglomerates which would reduce the total surface area and the number of active sites available for the process.
Response surfaces in Figure 2 are adjusted mathematically by the multiple linear regression equations ( , , ) for the removal of Cd(II), Pb(II), and Cr(III) by the modified adsorbents and in natura (Table 5 ). Results in Figure 3 , or rather the influence of contact time between adsorbate and adsorbent, were linearized by mathematical models of pseudo-first order, pseudo-second order, and Elovich and intraparticle diffusion for the adsorbents M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH used for the removal of Cd(II), Pb(II), and Cr(III) from contaminated water. Tables 6 and 7 present the results of the kinetic parameters inherent to linearization by the models of pseudo-first order, pseudo-second order, and Elovich and intraparticle diffusion.
Studies Involving Adsorption Kinetics.
In a preliminary analysis of the data of all the kinetic models evaluated (Tables 6 and 7) , the pseudo-secondorder model proved to be the best mathematical adjustment for adsorption of Cd(II), Pb(II), and Cr(III) by modified adsorbents M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH.
The intraparticle diffusion model presupposes the occurrence of diffusion of the adsorbate particle (Cd, Pb, and Cr in this study) into the adsorbent particle (M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH in this study). Data reveal the possibility of the occurrence of diffusion intraparticle at various stages in this way; straight line fragmentation was performed in two segments, so that adjustment diffusion model occurs in at least one of the intervals at the evaluated time, as shown in Table 7 for the M. H 2 SO 4 adsorbent in removing Cd(II).
Similarly, in Table 6 , straight fragmentation was also performed for the better model adjustments of Elovich for the adsorbent M. H 2 SO 4 in removing Cd(II). However, despite the straight fragmentation, a good adjustment ( 2 ) was not found for the observed data, so that the models of pseudo-first order, Elovich, and intraparticle diffusion failed to demonstrate a satisfactory adsorption of Cd(II), Pb(II), and Cr(III) by M. H 2 O 2 materials, M. H 2 SO 4 and M. NaOH.
Only one exception was observed; the adsorbent M. H 2 SO 4 in the removal of Cr(III) showed good adjustment (
2 ) of the model Elovich. These results will be described and discussed in the following sections.
Studies of Adsorption Isotherms.
Results for sorption equilibrium tests constructed Cd(II), Pb(II), and Cr(III) adsorption isotherms, which were linearized by Langmuir's and Freundlich's mathematical models, as shown in Table 8 .
Rates in Table 8 When data are confronted (Table 8) , they suggest the occurrence of adsorption in mono-or multilayer used as the adsorbent M. H 2 SO 4 in removing Cd(II), similar to M. H 2 O 2 removing Pb(II). Therefore, these cases reveal good mathematical adjustments to Langmuir's and Freundlich's model. This behavior and other linear parameters of these mathematical models will be discussed below.
Effect of Temperature on the Adsorption Process.
The influence of temperature on the removing process of metals Cd(II), Pb(II), and Cr(III) by modified adsorbents M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH was evaluated. Results are given in Table 9 . Table 9 demonstrates that the amount of adsorbed metal ( eq ) was different for the adsorbents studied. Higher removal rates occurred by raising the system temperature in the removal of Cd(II) adsorbents M. H 2 SO 4 and M. H 2 O 2 , and adsorbent for adsorption M. NaOH Cr(III).
Contrastingly, the removal of Cd(II) by the adsorbent M. NaOH and the removal of Pb(II) and Cr(III) by the adsorbent (mg g −1 ): related to the adsorption capacity; : related to the solid heterogeneity. 
M. H 2 SO 4 show a reduction of the amount adsorbed ( eq ), with increasing system temperature. In the case of other modified adsorbents, a great difference was observed in the amount of adsorbed metal versus system temperature. Other thermodynamic parameters shown in Table 9 will be discussed in the following sections. Figure 1 shows that the modifier solution (H 2 O 2 , H 2 SO 4 , and NaOH) and stirring time and temperature (65 ∘ C) caused changes in the superficial charge of the modified adsorbents since the pH PZC of the adsorbent was changed to lower or higher rates to pH PZC material in natura.
Discussion
Characterization of Chemically Modified Adsorbents.
The adsorption of Cd(II), Pb(II), and Cr(III) ions would be favored by pH rates higher than pH PZC , since in these cases, according to [31] , the surface of the adsorbent has a predominance of negative charges. Table 2 demonstrates the occurrence of changes in the chemical constitution of the biomass originated from cassava peels after treatment with solutions containing 0.1 mol L It may be noted that a consistent decrease in K, Ca, Mg, and Cu concentrations (Table 2) in the chemical composition of biomass showed that solutions have been applied to produce effective modified chemical adsorbents.
The results ( Figure 1 and Table 2 ) demonstrated that the simple washing of vegetable residual biomass with chemical agents, with energy added to the system (60 ∘ C), was sufficiently capable of causing modifications in the biomass.
One may also note that these modifications are favorable or unfavorable to the adsorption process by further studies since the adsorption process tends to be specific for each adsorbent/adsorbate.
Preliminary Studies Involving pH of the Adsorbent's
Medium and Mass. A significant difference was found at 1% to the source of mass variation adsorbent for linear (L) and quadratic (Q) templates (Table 4) , with regard to adsorbents M. in natura, M. H 2 O 2 , M. H 2 SO 4 , and NaOH for adsorption of Cd(II), Pb(II), and Cr(III).
Since no significant differences were found for the source of variation pH, this fact indicated that the conditions on which the surveys were conducted at the pH range studied had no influence on the adsorption process, either to adsorbents in natura or to absorbents modified for the removal of Cd(II), Pb(II), and Cr(III).
This result indicates that each adsorbent when assessed separately for each metal presents significant difference as regards the mass of adsorbent that was used. From the obtained results, it was observed that lower adsorbent masses result in higher adsorption capacity.
When the response surfaces ( Figure 2 ) and the resulting multivariable equations (Table 4) were evaluated, M. NaOH showed the highest removal rate of Cd(II) 1.95 mg g −1 , approximately 8% higher than M. in natura.
In the case of the removal of Pb(II), the modified adsorbents M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH showed equal or slightly higher average than M. in natura adsorbent.
As for the removal of Cr(III), M. H 2 SO 4 modified adsorbent showed higher removal rate, adsorbing more than 12% of M. in natura, reaching 1.60 mg g −1 in the preliminary test.
The studied pH range did not influence the adsorption process, which is an excellent result, because these modified adsorbents may be used in a wide pH range, such as contaminated waters or effluents containing metals, and still maintaining high efficiency removal of these metals.
Studies Involving Adsorption Kinetics.
According to results (Figure 3) , the sorption system is in chemical equilibrium after 40 minutes of stirring, with no great increments for adsorption of Cd(II), Pb(II), or Cr(III) by the adsorbents M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH.
In the case of the kinetics models performed to results in Figure 3 , good mathematical adjustments (
2 ) to the pseudosecond-order model were reported, satisfactorily applicable in all studied adsorbents (M. H 2 O 2 , M. H 2 SO 4 , and M. NaOH) in removing Cd(II), Pb(II), and Cr(III). It must be emphasized that the eq (calc.) rates obtained for the pseudosecond-order model are very close to the experimental ones ( eq exp. ) and demonstrated the excellent adjustment and precision [32] to estimate the chemically adsorbed amount of Cd(II), Pb(II), and Cr(III) [33] .
However, the model of pseudo-first order did not provide satisfactory mathematical adjustments and failed to explain satisfactorily the sorption phenomenon observed. 1 observed generally has negative values and indicates that the concentration of solute in the solution decreases with increasing time [34] .
The pseudo-first-and pseudo-second-order models reveal that the difference between the concentration adsorbed at a given time and concentration adsorbed on equilibrium is the movement force for adsorption, and the overall adsorption rate, proportional to the movement force in the case of pseudo-first-order equation, is the square of movement force to the pseudo-second-order model. These models also indicate that the adsorption process is a "false" order chemical reaction, and adsorption rate may be determined by the reaction equations of the first-order and second-order reaction [23] .
The values of 2 obtaining angular coefficients of the line were −0.0922, −1.4705, and −2.3101 g mg −1 min −1 for M. H 2 SO 4 for adsorption of Cd(II), M. NaOH for adsorption of Cd(II), and M. H 2 O 2 for adsorption of Pb(II), respectively. The negative values for 2 suggest that the metal adsorbed quantity ( ) decreases with increasing time [35] .
The kinetics of the pseudo-second order describes chemical adsorption processes involving donating or electron exchange between the adsorbate and adsorbent, such as covalent and ionic exchange forces [20] ; in this type of adsorption, the molecules are not attracted by the solid surface points, but specifically for the active centers, to form initially a single layer; then there may be the formation of other layers by physisorption.
The Elovich model showed good mathematical adjustment only for the adsorption of Cr(III) by M. H 2 SO 4 . Results reveal that, for the adsorption of Cr(III) by M. NaOH in the initial moments of the adsorption, chemisorption is predominant, as proposed by the Elovich's model.
Results in Table 7 demonstrate that the model predicts the intraparticle diffusion, or rather when there is a movement of the metal particle into the adsorbent pores, adequate mathematical adjustments were not provided, in a limiting step for adsorption of Cd(II), Pb(II), or Cr(III).
In a similar research, Schwantes et al. [36] evaluated Cd(II) adsorption kinetics by M. in natura and found better mathematical adjustments to the model of pseudo-second order. According to the authors, this result suggests chemical adsorption of the element by the adsorbent.
It should be noted that the kinetics of the pseudosecond order describes well the chemical adsorption processes involving donation or exchange of electrons between the adsorbate and the adsorbent as covalent forces and ion exchange [35] .
Studies of Adsorption Isotherms.
Results obtained in studies of adsorption equilibrium Cd(II), Pb(II), and Cr(III) by the base adsorbent-modified cassava peels were used to construct the adsorption isotherms. The results obtained were linearized by Langmuir's and Freundlich's mathematical models (Table 8) .
Good adjustments to Langmuir's model were reported ( However, Table 8 shows that modified adsorbents exhibited high rates, but lower rates are observed. The above indicated that the strength of the interaction between adsorbent and adsorbate was not enough for any of the metals studied.
In the adsorption of Cr(III), the modified adsorbents revealed lower rates for , though some studies have shown that activated carbon, an excellent adsorbent for most pollutants, may also have a low interaction to adsorbent/adsorbate ( ), as Schwantes et al. [2] with rate of 0.010 L mg −1 and Rubio et al. [37] with rate of 0.094 L mg −1 showed. It should also be noted that the adsorption procedure laid down by Langmuir's model was favorable due to rates between 0 and 1 [38] .
In some cases, adsorption seems to occur in single and multilayer, as shown in 
Effect of Temperature on the Adsorption Process.
Studies were conducted to evaluate the influence of temperature on modified adsorbents and their relationship in removing Cd(II), Pb(II), and Cr(III). However, it must be underscored that research determined the best temperature for the removal of metals, and that this too would raise operating costs [44] , which is impractical. Consequently, the studies aimed at producing information on the thermodynamic nature of the sorption process through Δ , Δ , and Δ parameters.
Δ rates indicate endothermic (Δ > 0) or exothermic (Δ < 0) reaction systems [45] . Results in Table 9 show that the adsorption of Cd(II) by M. According to Wan Ngah and Hanafiah [8] , when Δ has negative rates, it indicates the spontaneous nature of the reaction, while positive rates for Δ indicate an increase in disorder and randomness of solid/solution interface during the sorption process.
Consequently, [36] . The modified and M. in natura [2] adsorbents showed no desorption of Cr(III) greater than 3%, even in acid solution 0.1 mol/L HCl, suggesting a strong ligation with this metal with biomass by chemical bounds.
Conclusion
The use of modifying agents in cassava peels is an alternative for the production of adsorbents with high metal adsorption capacity (Cd, Pb, and Cr) without burdening the final product.
Results suggest that, in general, the chemisorption of metals (Cd, Pb, and Cr) occurs in monolayer or multilayer or, in some cases, simultaneously.
The modified adsorbents presented better results when compared to the use of M. in natura (biosorbent), with increase of 45% in Pb(II) adsorption by M. NaOH and the increase of 1500% of Cr(III) by the use of M. H 2 O 2 .
The use of solid waste (cassava peels) as raw material for modified adsorbents production is a relevant alternative for disposal of this waste and even enables added value to waste which is normally disposed of.
